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In many respects, the dissociation rate constant of a DNA–
protein or protein–protein complex is as important a phys-
ical parameter as the equilibrium constant. The regulation of
most cellular activities and developmental control are dy-
namic rather than static processes. With many techniques,
the successful physicochemical characterization of a com-
plex depends critically on the lifetime of the complex during
isolation or measurement. With present technologies, the
very powerful, single molecule methods used for mapping
the kinetic barriers of complex dissociation reactions re-
quire lifetimes on the order of minutes.1–3 We report here
that the dissociation rate of the specific complex between
the restriction nuclease EcoRI and its recognition DNA
sequence is strongly dependent on water activity (in addi-
tion to its known dependence on salt activity4–7). This
observation means that the dissociation rate of complexes in
the crowded conditions found within cells cannot be
straightforwardly predicted from dilute solution measure-
ments, even though salt, temperature, and pH conditions are
fixed to those found in vivo. In addition, these results
suggest a practical method to extend the lifetime of “weak”
complexes sufficiently to perform biophysical and biochem-
ical characterizations.

The thermodynamic analysis of protein, peptide, and
drug interactions with DNA has focused on the sensitivity
of free energies to temperature, pH, and salt concentration
(reviewed in Refs. 8–11). However, the displacement of
water that should accompany specific complex formation as
direct DNA–protein contacts replace DNA–water and pro-
tein–water interactions (reviewed in Refs. 12 and 13) means
that binding energies will also depend on water activity. The
number of water molecules released to the bulk solution in

the process of DNA–protein complex formation can be
measured from the sensitivity of the binding constant to
bulk solution water activity. This procedure is analogous to
measuring ion release through the dependence of binding
constant on salt activity, or protonation through pH sensi-
tivity. Water activity can be varied by adding neutral solutes
that do not themselves directly affect the DNA–protein
binding.14–17 This approach has been used to measure
changes in hydration accompanying the DNA binding of
several proteins:Escherichia coligal repressor,15 E. coli
CAP protein,18 Hin recombinase,19 Ultrabithorax and De-
formed homeodomains,20E. coli tyr repressor,21EcoRI,16,17,22

and the Sso7d protein.23

Using an equilibrium competition approach, we showed
previously16,17that the free energy difference between com-
plexes of the restriction nuclease EcoRI with nonspecific
DNA and with the enzyme’s recognition sequence is lin-
early dependent on the change in water chemical potential
of the solution with added osmolyte. This dependence trans-
lates into an additional; 110 waters that are sequestered by
the nonspecific complex relative to the specific complex at
20°C16 and ; 70 more waters at 4°C.17 This significant
difference in retained waters between specific and nonspe-
cific complexes is accompanied by a difference of; 104

between the specific and nonspecific EcoRI DNA binding
constants.24 The difference in hydration additionally was
seen to be insensitive to the size and chemical nature of the
solute used to change water activity16 for a wide variety of
osmolytes. This result most probably implies that the water
retained by the nonspecific complex is sequestered in a
cavity at the DNA–protein interface that is sterically inac-
cessible to solutes.
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We now show that the observed dependence of the
equilibrium binding constant on water activity (or solute
concentration) is reflected in dissociation rate constant of
the EcoRI from its canonical site on DNA as well. In the
presence of the osmolytes betaine and sucrose, the stability
of the specific EcoRI–DNA complex increases dramatically.
The half-life of the complex in 3 molal betaine is about 20
times longer than in 1.6 molal betaine, and is estimated as
about 260 times longer than with no added osmolyte. The
observed dependence of the dissociation rate constant on
water activity translates into an uptake of about 70 water
molecules for the dissociation of the EcoRI from its specific
site at 4°C. This number of waters is practically identical to
the difference in waters between specific and nonspecific
binding derived from the equilibrium competition measure-
ments.

MATERIALS AND METHODS

Materials

The plasmid pUC19 and restriction enzyme PvuII were
purchased from New England Biolabs and used without
further purification. A 322 base pair (bp) fragment carrying
one EcoRI specific site, GAATTC, was isolated from the
PvuII digestion products of pUC19 using standard tech-
niques. The self-complementary oligonucleotide ggcgatc-
gaGAATTCtcgatcgcc carrying one specific site (shown in
capital letters) was purchased from Gibco BRL, dissolved in
10-1 TE buffer (10 mM Tris Cl, 1 mM EDTA), purified
using P6 Bio-Spin columns at room temperature, and self-
annealed. The double-stranded character of the oligonucle-
otides was confirmed by electrophoresis on 20% polyacryl-
amide gel. The concentrations of the DNA fragment and the
oligonucleotide were determined spectrophotometrically,
using an extinction coefficient of 0.013 (mM base pairs)21

cm21 at 260 nm. Absorption spectra were obtained with a
Shimadzu UV-2101 PC spectrophotometer.

EcoRI restriction nuclease was purchased from New
England Biolabs and used without further purification (as in
Refs. 16 and 17). Active protein concentrations were deter-
mined by direct titration with the fragment containing re-
spective recognition sequence under conditions of stoichi-
ometric binding. Control equilibrium experiments with
highly purified EcoRI (a generous gift of Dr. L. Jen-Jacob-
son) were performed previously.17 In agreement with oth-
ers,22,25 it was confirmed that there is no significant differ-
ence in the binding properties or osmotic dependence be-
tween the two enzyme preparations.

Betaine was purchased from United States Biochemical,
sucrose was purchased from Mallinckrodt. Both were used
without further purification. Osmolal concentrations of be-
taine and sucrose were determined by direct measurement
using a vapor pressure osmometer operating at room tem-
perature (Wescor, Logan, UT; model 5100).

Dissociation Kinetics and Gel Mobility-Shift
Experiments

Solution conditions for all kinetic experiments were 25 mM
TrisCl (pH 7.5 at 20°C), 90 mM NaCl, 2.5 mM EDTA, 1
mM dithiothreitol, 0.1 mg/mL bovine serum albumin, and
2.5% ficoll. The total reaction volume was 25mL. These
conditions were the same as in the equilibrium competition
experiments previously reported16,17 in order to compare
directly differences in numbers of sequestered waters mea-
sured by two different methods.

Sufficient EcoRI restriction nuclease was added to the
322 bp fragment at 0.58mg/mL (2.5 nM binding sites) to
give about 40–60% of stoichiometrically bound fragment
without added competitor. Stoichiometric binding of EcoRI
with DNA was confirmed by the titration both of the protein
with the specific DNA fragment and of the DNA fragment
with the protein as described previously.16 There was no
observable cleavage of the EcoRI in the absence of Mg21,
as expected.24,26,27An excess concentration of the oligonu-
cleotide containing the recognition sequence was then
added to the reaction mixture of EcoRI and 322 bp frag-
ment, and incubated on ice for various times.

The loss of specific binding to the 322 bp fragment as the
complex dissociates and binds to the oligonucleotide was
monitored by the gel mobility shift assay. Reaction mixtures
were electrophoresed in a 1.5% agarose gel, 0.53 TBE
buffer, at 120 V, at; 4°C for 2 h toseparate free DNA
fragment and EcoRI-bound complex. As was previously
verified,28 EcoRI-specific DNA fragment complexes are
remarkably stable in the gel. No change in the fraction of
complex could be observed between 30 min and 2 h of
electrophoresis.

The observed dissociation rates of the EcoRI–DNA frag-
ment complex were independent of the ratio of the concen-
tration of specific binding sites on the oligonucleotide to the
322 bp fragment concentration for 20-, 200-, and 2000-fold
excess of oligonucleotide specific sites. In order to verify
that the loss of the specific fragment complex with time was
not due to a loss of active protein, complexes of the 322 bp
fragment with EcoRI were incubated for the same time
intervals in the absence of specific site oligonucleotide. No
loss in complex was observed with no oligonucleotide
added.

Quantitation and Data Analysis

Electrophoretic bands containing free DNA fragment and
DNA–protein complex were stained with SYBR Green I
(Molecular Probes) and quantitated using fluorescent inten-
sities as described previously.16 The linearity of fluorescent
intensity vs DNA amount per band over the range of con-
centrations studied was confirmed using pBR322 DNA
fragments generated by MspI digestion. The fraction of
specific fragment with bound EcoRI,Fb (5 [(DNAb]/
[DNAtotal]), is experimentally determined from the gel mo-
bility-shift assay.
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The simplified, first-order scheme for the binding reac-
tion is

DNAf 1 Pf

kon

koff

N DNAb (1)

where DNAf and Pf represent free DNA and protein, and
DNAb corresponds to the complex;kon and koff are the
simplified reaction rate constants. Since the probability of a
dissociated protein rebinding with the 322 bp fragment in
the presence of a high excess of competitor-specific site
oligonucleotide is negligible, the kinetic equation can be
well approximated by the irreversible first-order rate equa-
tion27:

d@DNAb#

dt
5 2koff[DNA] b or

lnS Fb

Fb,0
D 5 2kofft

(2)

The parameters [DNAb] and Fb are the concentration and
fraction, respectively, of DNA–EcoRI complex at timet;
[DNAb,0] and Fb,0 are these values immediately after the
addition of an excess of specific oligonucleotide (t 5 0).

Analogous to osmotic dependence of the equilibrium
binding constant,14 the dependence ofkoff on water activity
can be calculated as change in the number of waters that
exclude solute coupled to the dissociation of the specific
complex,

d@ln~koff!#

d@osmolal#
5 2

DNw

55.6
(3)

Water activity and solute osmolal concentration are linked
through:d[osmolal] 5 255.6d[ln(aw)].

RESULTS

Dissociation rates of a complex between the restriction
nuclease EcoRI and a 322 bp fragment containing its rec-
ognition sequence were measured using a standard tech-
nique.29,30 An excess of oligonucleotide containing a spe-
cific recognition site was added to preformed 322 bp com-
plexes and the mixtures allowed to incubate on ice for
varying times. Under these conditions, dissociation of
EcoRI from the 322 bp fragment is essentially irreversible
process. The loss of the EcoRI–322 bp fragment complex
with time was measured using the gel mobility shift as-
say.30,31Typical experimental results are illustrated in Fig-
ure 1 for 2 and 3 molal betaine added to the standard
reaction mixture.

Figure 2 shows kinetic curves for the dissociation of
EcoRI for several betaine concentrations as prescribed by
Eq. (2) (similar curves were obtained for sucrose, data not
shown). In all cases, the kinetics can be well described by a
simple, single exponential process. Dissociation rate con-

stantskoff determined from the slopes vary from (0.091
6 0.001) min21 at 1.6 molal betaine to (0.00446 0.0004)
min21 at 3 molal. At constant osmolyte concentration the
dissociation rate of EcoRI from the 322 bp was independent
of oligonucleotide concentration for 20-, 200-, and 2000-
fold excess of added recognition sequences (data not
shown).

The effect of osmolytes on the equilibrium binding of
EcoRI16,17,22and of other DNA binding proteins15,18–21,23

has been instructively analyzed through their effect on water
activity. In analogy to plots of binding free energy vs
osmotic stress, Figure 3 shows the dependence of ln(koff) on
osmolal concentration for both betaine and sucrose. The
apparent activation free energy for dissociation varies lin-
early with osmolal concentration for both solutes over a
20-fold change in rate constant. The dissociation rate in the
absence of osmolytes can be estimated from extrapolation
as ; 1.15 min21 or 1.9 z 1022 s21. The different experi-
mental conditions (length of the DNA fragment, tempera-
ture and buffer composition) make comparison with values
obtained by others6 problematic.

Both the linearity of plots shown on Figure 3 and their
insensitivity to solute identity indicate that betaine and
sucrose are indeed acting on the dissociation rate indirectly
through their effect on water activity. The change in the
number of solute-excluding water molecules associated
with the EcoRI dissociation process can be determined from
linear fits to the data in Figure 3 as given in Eq. (3). The
slopes translate into an uptake of (656 8) and (696 6)
water molecules during dissociation of the EcoRI from its
specific site at 4°C for the sucrose and betaine, respectively.
We have used the same experimental conditions used by us
previously for the equilibrium experiments17 in order to
compare directly the numbers of waters measured by two
different approaches. Under the same salt, pH, and temper-
ature conditions, the competition equilibrium measurements
gaveDNw 5 716 8 for the difference between specific and
nonspecific binding of EcoRI.

Solutes could also affect the dissociation rate through
their effect on solution viscosity. Even if the rate-limiting
dissociation step is assumed to be entirely coupled to bulk
solution viscosity with kinetics that vary inversely with
viscosity, however, the observed slowing in dissociation
rate with increasing solute concentration is much larger than
can be accounted for by viscosity. In particular, the change
in viscosity with betaine concentration would predict a
change in dissociation rate that is, at maximum, only; 10%
of that observed in Figure 3. Since sucrose solutions are
more viscous than betaine solutions (a 3 osmolal sucrose
solution is; 6 times more viscous than a 3 osmolal betaine
solution), the possible contribution from viscosity to the
decrease in dissociation rate would be much larger for
sucrose than for betaine. Given, however, the very similar
effect of sucrose and betaine on the dissociation kinetics and
the very close correspondence ofDNw for dissociation and
for the specific–nonspecific equilibrium reaction, we
strongly suspect that the critical step in dissociation is
insensitive to solution viscosity.
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DISCUSSION

The two neutral solutes used here, betaine and sucrose, have
a dramatic effect in slowing the dissociation rate of the
specific EcoRI–DNA complex that is much larger than can
be rationalized by solution viscosity changes. The apparent
activation free energy,RTln(koff), varies linearly and iden-
tically with changes in water chemical potential for the two
solutes. Lastly, the number of waters coupled to dissociation
(; 70 at 4°C), calculated from the slope of the lines in
Figure 3, is the same within experimental error as the
number of waters coupled to the specific–nonspecific bind-
ing equilibrium measured under the same conditions of salt,
temperature, and pH.17 We take this close correspondence
to indicate that the osmotic dependence of the dissociation
rate reflects the transition from the specific binding mode of

EcoRI either to the nonspecific binding mode or to a tran-
sition state with hydration properties that closely resemble
the nonspecific binding mode.

That both sucrose and betaine give the sameDNw linked
to the dissociation rate is also consistent with the very weak
dependence on osmolyte nature ofDNw coupled with the
equilibrium between specific and nonspecific EcoRI bind-
ing. Previous equilibrium competition measurements at
room temperature16 showed that a variety of osmolytes,
betaine, glycine, sucrose, methylglucoside, triethylene gly-
col, and glycerol all affect the difference in specific and
nonspecific binding free energies equally, within experi-
mental error. Since a change in solute accessible surface
area seems to result inDNw values that are dependent on
solute identity,15 this insensitivity to solute nature indicates
that the extra waters sequestered by the nonspecific complex

FIGURE 1 Dissociation rates of EcoRI from its specific site on a 322 bp fragment are signifi-
cantly slowed by increasing concentrations of betaine. Gel lanes and their corresponding density
profiles illustrating the kinetics of EcoRI dissociation are shown for (A) 2 molal betaine and (B) 3
molal betaine. A 20-fold excess of competitor oligonucleotide containing a specific EcoRI recog-
nition sequence was added to the preformed complex between EcoRI and the 322 bp fragment. The
reaction mixtures were incubated on ice for the indicated time intervals and gel electrophoresed in
the cold room. Buffer conditions were 25 mM Tris Cl (pH 7.5 at 20°C), 90 mM NaCl.

366 Biopolymers, Vol. 53 (2000)



are in a volume sterically inaccessible to these osmolytes,
probably at the DNA–protein interface.

The kinetic scheme shown in Eq. (1) is, of course, a
simplification of the actual dissociation process. It has been
long known that EcoRI locates and leaves its recognition
sequence through a facilitated diffusion or sliding mecha-
nism (Ref. 4, also reviewed in Refs. 11 and 32). In addition
to a transition between specific and nonspecific binding
modes at the specific site, a more precise kinetics scheme
should also include a sliding rate and the kinetics for re-
binding to the specific site and for dissociation of the
nonspecifically bound protein from the DNA.5 The dissoci-
ation of protein from the DNA is accompanied by a large
change in solute-accessible surface area that might be ex-
pected to contribute to an additional, solute-dependent os-
motic effect that is not observed. The nearly identicalDNw

values for the relative nonspecific–specific equilibrium con-
stant and for the dissociation rate implies that the dissoci-
ation rate of nonspecifically bound EcoRI to solution either
is very fast relative to the kinetics of the specific to non-
specific transition or has a very small osmotic dependence.
In the first case, neither the dissociation rate of a nonspe-
cifically bound protein nor its sensitivity to water activity
would contribute to the kinetics of loss of specific fragment
complex. In the latter case, it would be the association rate
that would be expected to show an osmotic sensitivity that
is dependent on solute identity.

The effect of osmolytes on the dissociation rate of EcoRI
from its specific site is quite dramatic and suggests a pos-
sibly effective way to stabilize other complexes. The disso-
ciation half-life of the specific EcoRI complex with 322 bp
DNA fragment is; 8 min at 1.6 molal betaine and; 160
min at 3 molal (Figure 2). At 4 molal betaine, the dissoci-
ation kinetics is simply too slow to measure accurately
(, 15% dissociation after 4 h, data not shown). This is in
comparison with a dissociation half-life of the specific
EcoRI complex with no added solute of; 0.6 min (esti-
mated from extrapolating the data in Figure 2). Any com-
plex that has fewer solute excluding waters than its disso-
ciated components will show, of course, qualitatively sim-
ilar behavior. In these cases, application of osmotic stress
will allow one to manipulate dissociation rates controllably
and to measure complex properties on the time scale of the
experiment. Although both salt activity and pH can be
varied to control dissociation rates, both are only practical
over a limited range of concentration. The effectiveness of
the osmolytes examined here seems limited only by their
solubilities. Even complexes showing a much weaker os-
motic sensitivity than EcoRI, such as the CAP complex,33

could still be stabilized by osmolytes, but of course, much
higher osmotic stresses would be required.

Unlike EcoRI, the reaction of many proteins with their
recognition sequences couples folding or structuring of the
protein with DNA binding. The measuredDNw for the
equilibrium binding of these proteins or their competitive
binding to different sequences will necessarily include a
contribution from changes in protein conformation as well
as differences in water at the protein–DNA interface. De-
pending on the relative rates of breaking specific DNA–
protein contacts and replacing them with hydration waters

FIGURE 2 Kinetic curves calculated from experiments
analogous to the one described in the legend to Figure 1.
The fraction of DNA bound measured at different times Fb,
was normalized by Fb,0 measured immediately after 20-fold
excess of specific oligonucleotide was added to the pre-
formed EcoRI–322 bp fragment complex. The concentra-
tions of solute in the reaction mixture were (F) 1.6 molal
betaine, (‚) 2 molal betaine, (h) 2.4 molal betaine, and ({)
3 molal betaine.

FIGURE 3 The dependence of EcoRI dissociation rate
constant on solute osmolal concentration is shown for the
two solutes: (F) betaine and (E) sucrose. Each point is the
average of 2–3 independent experiments. The average errors
for each ln(koff) value did not exceed 10%. The slopes of the
lines translate into an uptake of about 69 waters for betaine
(solid line) and about 65 waters for sucrose (dotted line) for
the dissociation of EcoRI from its specific site on the 322 bp
fragment.
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and of the consequent unfolding of the protein, the osmotic
dependence of the dissociation rate may not be sensitive to
the folding reaction. Probing different aspects of the binding
reaction through equilibrium and kinetic measurement of
DNw may allow one to separate protein conformational
changes from protein–DNA hydration.

We are deeply grateful for V. A. Parsegian for the fruitful
discussions and to L. Jen-Jacobson for the kind gift of
highly purified EcoRI.
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